Abstract: Fabrication of hydrogel microstructures has attracted considerable attention. A large number of applications, such as fabricating tissue engineering scaffolds, delivering drugs to diseased tissue, and constructing extracellular matrix for studying cell behaviors, have been introduced. In this article, an ultraviolet (UV)-curing method based on a digital micromirror device (DMD) for fabricating poly(ethylene glycol) diacrylate (PEGDA) hydrogel microstructures was presented. By controlling UV projection in real-time using a DMD as digital dynamic mask instead of a physical mask, polymerization of the pre-polymer solution could be controlled to create custom-designed hydrogel microstructures. Arbitrary microstructures could also be fabricated within several seconds (<5 s) using a single-exposure, providing a much higher efficiency than existing methods, while also offering a high degree of flexibility and repeatability. Moreover, different cell chains, which can be used for straightforwardly and effectively studying the cell interaction, were formed by fabricated PEGDA microstructures.
Introduction
Microfabrication technology has been the subject of extensive research by various fields over the last two decades, but its use with hydrogels has been a particularly hot topic because of the potential for creating new scaffolds in tissue engineering [1] [2] [3] [4] , drug delivery systems [1, 5, 6] , biosensors [7, 8] , and quantum dot encapsulation materials [9] . For example, femtosecond laser polymerization was applied to fabricate microscale pillar arrays which assembled into periodic hierarchical architectures can, through the aid of capillary-driven self-assembly, be designed to trap and release micro-objects, which is a useful feature for biomedical devices or chemical analysis [10] . The biocompatibility and excellent mechanical properties of hydrogels also make them well suited to bioengineering, with micropatterned poly(ethylene glycol methacrylate) (PEGDMA) brushes patterned with synthetic peptides using photomasks already being used to study cell migration [11] . The incorporation of poly(ethylene glycol) diacrylate (PEGDA) micropillars into a microfluidic device to enhance cell dispersion and isolate single cells in individual micro-hydrogels also has various potential practical applications [12] . A new cell patterning technique that incorporates optically-induced electrokinetics (OEK) [13] has also recently emerged that can produce arbitrarily shaped hydrogel patterns capable of hindering cell adhesion, thereby causing cells to proliferate within the confines of the unpatterned space.
Various methods have been well developed for fabricating hydrogel microstructures. Soft lithography [14] [15] [16] [17] using mold, elastomeric stamps, and photomasks has been demonstrated to be applied to non-flat substrates. Microcontact printing, replica molding, and solvent-assisted micromolding are the most commonly used soft lithographic techniques, however, all involve the same four major steps: pattern design, master fabrication, PDMS stamp fabrication, and soft lithography. While this offers a low-cost approach to microfabrication, the fact it requires a pre-designed mold or stamp and large quantities of sacrificial material makes it quite time-consuming and tends to limit its flexibility. Photolithography [18] [19] [20] [21] is another technique that has been successfully applied to microfabrication that involves transferring geometric shapes from a mask onto a thin layer surface, then using ultraviolet (UV) radiation to expose the sensitive polymer. The steps involved in this process are: preparing the wafer, coating with photoresist, soft baking, alignment and exposure, post-exposure bake, and strip resist. This technique, however, faces a lot of limitations when it comes to microfabrication, most notable being the fact that photomasks play a critical role in the pattern definition process [22, 23] . Although fabrication of photomasks has been commercialized, the time and cost of their fabrication process presents a main obstacle to the application of photolithography to the rapid and inexpensive prototyping of patterns. Laser direct writing [24, 25] includes two-photon lithography [26] [27] [28] , which has the capacity to create very high-resolution and complicated 3D microstructures without the need for complex optical systems or photomasks. However, it is a quite time-consuming procedure for its linear scanning mode. The high cost of equipment and severe environmental requirements has also greatly hindered its widespread application. Laser-induced forward transfer (LIFT) [29] is a simple, direct writing technique that has been used for the deposition of a variety of materials (e.g., metals, liquids, powders, and various polymers) onto various substrates, and which is also suited to the patterning and fabrication of microstructures. The limitations to this process are that the laser energy fluence must be accurately controlled so as to only transfer the coating materials, and that it does not easily provide good uniformity or morphology [30] . Inkjet printing [31] [32] [33] can fabricate 3D microstructures with flexibility and low-cost, but does not allow for easy control over the size, shape or physiochemical properties.
In this paper, an ultraviolet (UV)-curing method based on a digital micromirror device (DMD) for fabricating poly(ethylene glycol) diacrylate (PEGDA) microstructures was introduced. Compared with conventional fabricating techniques, our approach, which is one kind of stereolithographic rapid prototyping (RP) technique, has the advantage of mask-free-based fabrication and ease of configurability. Being modulated by a digital dynamic mask replacement of a physical mask, the real-time and dynamic projection of the UV laser can be completely managed by a computer, thereby eliminating the complexity of fabricating a pattern of defined size and shape. The effectiveness of this approach in terms of fabrication efficiency, flexibility, and repeatability is, herein, discussed with a view to creating hydrogel microstructures suitable for a range of applications.
Experimental Section

DMD-Based Hydrogel Microstructures Fabricating System
A generalized schematic of the DMD-based hydrogel microstructures fabricating system used is shown in Figure 1 , which contains five basic components: UV laser (Changchun Femtosecond Technology Ltd, Changchun, China, model MW-UV-375), the DMD (Texas Instruments Ltd, Dallas, TX, USA) [34, 35] , projection optics, a XYZ three-axes stage (Thorlabs Inc, Newton, NJ, USA), and a charge-coupled device (CCD) camera. We adopted an ultraviolet (UV) laser coupled with adjustable power (maximum intensity is 50 mW) and a wavelength of 375 nm as the light source to enhance the accuracy of the optical path. Serving as the digital dynamic mask, the DMD, which allows us to design and pattern light, as the optical semiconductor module is the most critical part of the fabricating system. When the UV light is projected on the surface of DMD, the light can be handled by DMD with greater accuracy, efficiency, and speed than liquid crystal displays (LCDs). Micromirrors of DMD have two operating modes: the negative and positive hinged at +12˝and´12˝, respectively, and actions of each mirror can be controlled by the binary image which is inputted into the DMD. To reduce the diameter of light beam and ensure fabricating precision can reach the micron level, the projection optics of the digital mirror device-based modulating projection printing (DMPP) system are designed. Vertical movement of the stage, in combination with XY movement of the platform, is used to maximize the exposure area. Prior to printing, custom-designed bitmap image sequences are inputted into the DMD, after which plain glass coated with hydrogel is placed on the platform surface. This is then illuminated by the UV laser, with patterning achieved by reflecting the laser light from a digital micro-mirror device in which each mirror turns "on" or "off" (by loading a static black and white bitmap onto the DMD). This corresponds to a change in angle of either +12° or −12° with respect to the surface of the device. The pre-polymer solution is then photo-polymerized by a projected modulating UV pattern generated through sequence stored in the DMD. The control of layer thickness produced can be modulated by adjusting the exposure time and/or the thickness of the pre-polymer solution coated onto the glass. The DMD we used consists of 1024 × 768 micromirrors and each mirror has a pixel size of 13.6 μm × 13.6 μm. So, the exposure area on the substrate, S, is therefore given as:
where β is the magnification of the projection optics and M is the number of mirrors worked. The resolution, R, can be obtained regardless of the diffraction generated by the 1 μm gap between each micromirror using:
In this study, we employed a 10× UV-focusing objective as the projection lens, which gives a β value of −0.1 and we can get an ideal resolution of our fabricating system: 1.36 μm.
Prparing Pre-Polymer Solution
Poly(ethylene glycol) diacrylate (PEGDA) is very commonly used hydrogel which is a colloidal substance composed of water and solids [36, 37] . Polymerization begins when the initiator absorbs the energy of UV light, leading to form a hydrogel crosslinking network. In our study, a 375 nm UV laser was used and to match the wavelength, diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) was selected as the photo-initiator on the basis that it shows good absorption at 375 nm, even though it has higher absorption at shorter wavelengths. Furthermore, the photo initiator (TPO) is very difficult to dissolve in water while it can be easy to dissolve in ethyl alcohol. Therefore, to prepare the PEGDA pre-polymer solution pure PEGDA (Mn = 700, Sigma Aldrich, St. Louis, MO, USA) was first mixed with ethyl alcohol to a ratio of 1:4 (v/v), and was agitated on a magnetic stirrer at room temperature for 30 min until the PEGDA was fully dissolved. The photo initiator TPO (Sigma To reduce the diameter of light beam and ensure fabricating precision can reach the micron level, the projection optics of the digital mirror device-based modulating projection printing (DMPP) system are designed. Vertical movement of the stage, in combination with XY movement of the platform, is used to maximize the exposure area. Prior to printing, custom-designed bitmap image sequences are inputted into the DMD, after which plain glass coated with hydrogel is placed on the platform surface. This is then illuminated by the UV laser, with patterning achieved by reflecting the laser light from a digital micro-mirror device in which each mirror turns "on" or "off" (by loading a static black and white bitmap onto the DMD). This corresponds to a change in angle of either +12˝or´12˝with respect to the surface of the device. The pre-polymer solution is then photo-polymerized by a projected modulating UV pattern generated through sequence stored in the DMD. The control of layer thickness produced can be modulated by adjusting the exposure time and/or the thickness of the pre-polymer solution coated onto the glass. The DMD we used consists of 1024ˆ768 micromirrors and each mirror has a pixel size of 13.6 µmˆ13.6 µm. So, the exposure area on the substrate, S, is therefore given as:
where β is the magnification of the projection optics and M is the number of mirrors worked. The resolution, R, can be obtained regardless of the diffraction generated by the 1 µm gap between each micromirror using: R " 13.6ˆ|β| (2) In this study, we employed a 10ˆUV-focusing objective as the projection lens, which gives a β value of´0.1 and we can get an ideal resolution of our fabricating system: 1.36 µm.
Poly(ethylene glycol) diacrylate (PEGDA) is very commonly used hydrogel which is a colloidal substance composed of water and solids [36, 37] . Polymerization begins when the initiator absorbs the energy of UV light, leading to form a hydrogel crosslinking network. In our study, a 375 nm UV laser was used and to match the wavelength, diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) was selected as the photo-initiator on the basis that it shows good absorption at 375 nm, even though it has higher absorption at shorter wavelengths. Furthermore, the photo initiator (TPO) is very difficult to dissolve in water while it can be easy to dissolve in ethyl alcohol. Therefore, to prepare the PEGDA pre-polymer solution pure PEGDA (Mn = 700, Sigma Aldrich, St. Louis, MO, USA) was first mixed with ethyl alcohol to a ratio of 1:4 (v/v), and was agitated on a magnetic stirrer at room temperature for 30 min until the PEGDA was fully dissolved. The photo initiator TPO (Sigma Aldrich) was then added to get a certain concentration of 0.5% (w/v), with a further 30 min of magnetic stirring to ensure that it was completely dissolved.
As the DMPP process relies on photo-polymerization, any free radicals generated when the TPO is exposed to UV irradiation can potentially combine and react with the PEGDA monomer ( Figure 2 ). This cross-linking reaction contains two main steps: (1) photo-initiator (TPO) was exposed to UV irradiation and an initiator molecule was decomposed to generate two radicals; and (2) free radicals were free to react with a monomer, thereby initiating a PEGDA chain by opening its carbon-carbon bond. The polymer chains propagated via reactions with available vinyl bonds that were on monomers, or on other polymer chains. As a result of this, two chains combine to make dead polymer chains which makes growing polymer terminate. The photo-polymerization can be further controlled by varying the laser intensity, photo-initiator concentration, exposure time, or PEGDA monomer concentration.
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Cell Culture and Fluorescent Staining
Mouse fibroblast (L929) cells were cultured at 37 °C in a 5% CO2 constant-temperature incubator using a Hyclone TM DMEM medium with high glucose (GE Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. These cells were initially cultured on a 60 mm-diameter petri dish, and were detached using trypsin-EDTA solution and dispersed to form a cell suspension solution. The cells were subsequently seeded onto a glass substrate with patterned PEGDA, with a moderate amount of culture medium added to allow the substrate to be submerged.
Cell chains in this study were characterized by Calcein-acetoxymethyl (AM). For this, the glass with the cell chains were first washed with phosphate buffer saline(PBS) twice to remove medium. Then, add Calcein-AM into the PBS solution to attain a final concentration of 2 μmol/L. After culturing for 10 min, the cell chains were observed by a fluorescent microscope after removing Calcein-AM solution.
Measurement of Mechanical Properties
A BioScope Catalyst atomic force microscope (Bruker AFM, Camarillo, CA, USA) was employed to image and measure the Young's modulus of the soft materials, with the probe being localized onto the surface of materials by observed through a CCD camera. Then, the force-distance curves generated were used to obtain the Young's modulus of the surface at twenty points on each structure applying the same loading rate each measurement. The Young's modulus was calculated using the Hertz model as [38, 39] :
PEGDA cross-linking reaction. Under ultraviolet (UV) exposure, diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) absorbs light and generates free radicals, which combine and react with monomer molecules by opening the carbon-carbon bond. Reactive monomers then connect to form large molecules, which keep growing until two chains combine and terminate the reaction.
Cell Culture and Fluorescent Staining
Mouse fibroblast (L929) cells were cultured at 37˝C in a 5% CO 2 constant-temperature incubator using a Hyclone TM DMEM medium with high glucose (GE Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. These cells were initially cultured on a 60 mm-diameter petri dish, and were detached using trypsin-EDTA solution and dispersed to form a cell suspension solution. The cells were subsequently seeded onto a glass substrate with patterned PEGDA, with a moderate amount of culture medium added to allow the substrate to be submerged.
Cell chains in this study were characterized by Calcein-acetoxymethyl (AM). For this, the glass with the cell chains were first washed with phosphate buffer saline (PBS) twice to remove medium. Then, add Calcein-AM into the PBS solution to attain a final concentration of 2 µmol/L. After culturing for 10 min, the cell chains were observed by a fluorescent microscope after removing Calcein-AM solution.
Measurement of Mechanical Properties
where δ is the indentation depth, ν is the Poisson ratio of the sample, θ is the half-opening angle of the probe tip, E is the Young's modulus, R is the curvature radius of the spherical or paraboloid indenter, and F is the applied force. Only approach curves were applied to analyze in our study. The porosity of hydrogel may influence analysis of its mechanical properties, as its mesh size increases with increase in molecular weight. Some researchers have tested this theory [40] and found that the pore size of PEGDA (Mn = 8000) is around 7 nm and so the fact that the molecular weight of PEGDA used in this study is just 700 suggests that the porosity is much smaller than 7 nm. Since the tip radius of the spherical AFM probe used was 20 nm it would, therefore, seem unlikely that could have penetrated the pores and affected the accuracy of the measurement result.
Results and Discussion
2D Microstructure Arrays Fabricated by Printing System
The scanning electron microscope (SEM) images in Figure 3 show the various PEGDA hydrogel microstructure arrays that were created by changing the input image sequence of the DMD. Note that when compared to the designed patterned pictures, these hydrogel microstructures exhibit a very clear outlines that gives rise to a high fidelity without the need for any physical mold, mask, or complex micro-electromechanical system (MEMS). The smooth surface of the triangle, star, and gear microstructures presented in Figure 3a -c demonstrate the versatility of this fabrication method, while the 4ˆ4 arrays of triangles in Figure 3d -f confirm its suitability for mass-fabrication. Figure 3g shows the uniformity of these triangular microstructure arrays, even at a size of~20 µm, with Figure 3h showing that two different sizes of the one star-shaped microstructure can be fabricated simultaneously. Combining all of this with the three-dimensional movement of the motorized linear translation stages allows for automatic mass customization manufacturing, as show in Figure 3i .
Several UV lithography methods have recently been investigated for cell patterning. For example, a 3D stereo-lithographic printer (purchased from Rock Hill, SC, USA) has been developed to fabricate 3D hydrogels for tissue engineering [25, 41, 42] and biological machines [43] . However, this method of using scanning mirrors to reflect the laser is time-consuming. In contrast, the method presented here offers the advantage of greater pattern flexibility, automation, and high-throughput capability when patterning PEGDA structures. Furthermore, changes of a simple design can be implemented quickly through a software interface and exported through DMD, without any additional materials. Although, DMD is widely used in UV lithography [44, 45] , most printing systems are based on top-down projection which greatly limits the speed of fabricating [46] . The bottom-up projection based system presented here can overcome this shortcoming, allowing a much smaller layer thickness to be achieved.
The transverse electromagnetic mode (TEM 00 ) of the UV laser used possesses a property of near-Gaussian profile, and so the intensity distribution of beam is in concordance with the Gaussian distribution. In other words, the intensity becomes stronger with the decrease of distance from the beam center. This Gaussian distribution of the beam is in correspondence with the microstructure arrays fabricated from a single-exposure using a binary picture, with the central circle in Figure 4a having a diameter of 59.29˘0.24 µm, while the diameter of the circle at the edge is 54.1˘0.23 µm. As shown in Figure 4b 
Micropillar Array Fabrication
Micropillar arrays show great promise for use in cell-growth control, MEMS and microfluidic devices, and so the DMPP system was used to fabricate the star, square, triangle, cone, and column arrays shown in Figure 5a -e. The size of these micropillar structures was about 20 μm with a good definition and the height was about 40 μm. Figure 5f shows a micrograph of a single micropillar with angular side walls. The results confirm that the DMPP system developed can fabricate microstructure arrays rapidly and effectively, with mass production being achievable by combining with XY movement of the platform and increasing an appropriate amount of rows and columns in designed images. 
Micropillar arrays show great promise for use in cell-growth control, MEMS and microfluidic devices, and so the DMPP system was used to fabricate the star, square, triangle, cone, and column arrays shown in Figure 5a -e. The size of these micropillar structures was about 20 µm with a good definition and the height was about 40 µm. Figure 5f shows a micrograph of a single micropillar with angular side walls. The results confirm that the DMPP system developed can fabricate microstructure arrays rapidly and effectively, with mass production being achievable by combining with XY movement of the platform and increasing an appropriate amount of rows and columns in designed images. 
Mechanical Properties of Hydrogel Microstructures
The influences of PEGDA concentration, TPO concentration, and UV laser exposure time on the crosslinking density are reflected in the mechanical properties of the microstructures shown in Figure 6 . Triangle structures with a thickness of 100˘5 µm were fabricated for measuring the mechanical properties of hydrogel microstructures. Around 50 patterns in total were measured at four different positions (four read points on each pattern as shown in Figure 6d ) on each pattern, with each pattern obtained under different fabricating conditions. It was observed that when the concentration of PEGDA (30%), the light intensity (53.33 mW/cm 2 ), and the concentration of TPO (0.3%) remain fixed (Figure 6a) , the microstructure becomes stiffer with increasing exposure time during the first 6 s. Beyond this point, there is no change in the mechanical properties of the structure, suggesting that the cross-linking reaction has completed and any additional light exposure is useless. When the concentration of TPO, light density and exposure time are fixed (Figure 6b) , increasing the PEGDA concentration causes the structure to become harder, reaching a Young's modulus of 85 kPa with a PEGDA concentration of 50%. The change in mechanical properties with TPO concentration shown in Figure 6c reveals that the Young's modulus remains unchanged at concentrations above 0.3%, which, as discussed above, can be attributed to the role played by free radicals in the cross-linking reaction. Specifically, once the concentration of free radicals generated from the TPO is sufficient to cure the exposed area of polymer, any further increase will not influence the cross-linking reaction.
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Formation of Cell Chains
Cured PEGDA has unique characteristics such as biocompatibility and nonimmunogenecity. Additionally, PEGDA-cured film can resist protein adsorption. The property of PEGDA-coated film which can hinder cell adhesion makes it possible to guide cell growth on the hollow area of the pattern, thus, providing a method to study the cell interaction. To this end, PEGDA microstructures were fabricated to specific shapes using our DMPP system, to which were added L929 cells cultured in a petri dish. After two days, different cell chains were observed to form on the different fabricated microstructures as shown in Figure 7 .
Cell growth was restricted to the hollow area of the patterned PEGDA, which indicates that the shape of the PEGDA hollow area can influence the cell morphology. As shown in Figure 8 , circular and linear PEGDA hollow shapes were patterned on common glass and the cell morphology was 
Cell growth was restricted to the hollow area of the patterned PEGDA, which indicates that the shape of the PEGDA hollow area can influence the cell morphology. As shown in Figure 8 , circular and linear PEGDA hollow shapes were patterned on common glass and the cell morphology was observed by optical microscopy after culturing for 2 days. Note that in both cases the cells grow in a shape that closely approximates that of the PEGDA pattern.
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Conclusions
This study has demonstrated the effectiveness of using a UV-induced method based on a DMD dynamic digital mask for fabricating PEGDA hydrogel microstructure patterns with different shapes and sizes. Using our method, dense microstructures with sharp edges can be achieved in a short period of time (<5 s), representing a significant improvement in performance over existing techniques. The exposure time, PEGDA concentration, and TPO concentration have all been identified as influential factors on the mechanical properties of the fabricated structure. Furthermore, cell chains have been formed using this method to study cell morphology and the interaction between neighboring cells. We believe that the UV-induced hydrogel fabrication technology we provide here has great potential in tissue engineering and microsystems, or combining with microfluidics to target the specific microenvironment of tumors in the future. observed by optical microscopy after culturing for 2 days. Note that in both cases the cells grow in a shape that closely approximates that of the PEGDA pattern. 
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